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Abstract

Four grades of gadolinium doped lead borosilicate glasses were prepared using the normal melt-quenching process as well as
a free gadolinium sample. The structural changes induced by Gd*" ions content in the network of the prepared glasses were
examined using FTIR and density. The analysis of the structural measurements indicates that the Gd2Oshas an obvious effect
on the lead borosilicate glass network. Analysis of the optical data reveals the compositional dependence of the optical band
gap and Urbach energy. Variation in these optical parameters has been associated with the structural changes occurring in the
glass network with the increase in Gd>* ions content. The band gap values of the considered glasses reflected their
semiconducting nature. Gamma ray attenuation parameters, fast neutron removal cross section, and thermal neutrons cross
section results reflected the role of Gd3* as an enhancer to the shielding behaviour of the synthesized lead borosilicate glasses.
The low band gap and efficient attenuation criteria of the investigated glass matrix make them of high interest for optical and

shielding applications.
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1. Introduction

Because of their unique characteristics, heavy
metals borosilicate glasses containing rare earth
ionshave attracted a great deal over the last few
decades [1-4]. These glasses havehigh hardness,
excellent chemical resistance and high thermal
resistance, and photo-induced optical properties,
which are caused bythe substantial contribution of
harmonic electron-phonon interactions [3, 4-6]. Lead
Pb**has high gamma ray attenuation ability due to its
high atomic number, while B*" ion has a high thermal
neutron cross section. In the same respect, rare earth
ions such as Gd** and Sm*’enhance the attenuation
ability for both gamma rays and neutrons due to their
high atomic numbers and they have high thermal
neutrons cross section [4, 6, 7-8].Based on these
features, rare earth doped heavy metal oxide glasses
have extensive applications such as laser media and
fiber amplifiers for optical telecommunication

optoelectronic devices, shielding materials, and
thermal sensors [7-8].Gadolinium, in the range of 0.1
— 10 mol %content, is particularly one of the most
important elements among rare earth categorywhich
has a significant contribution in glass network, most
frequently occurs in the Gd*'state with the ground
state 8S7; owing to the absence of orbitalmoment [9-
10]. This ion is particularly well adapted to magnetic
resonance experiments. Though the local structure of
the Gd’"* sites seems to be similar for different types
of glasses, the correlation between the doping level
and clustering depends on the glass type and
composition [10-13]. Also,Gd**has both a high
atomic number and a high thermal neutron cross
section enabling it to be used in radiation protective
materials [13].

Based onthe aforementioned aspects, the influence
of additionsof Gd** on the structural, optical, and
attenuation properties of lead borosilicate glass of the
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composition25Si0,—25Pb304~(50—x)B,03—xGd,03
where x = 1, 2, 3 and 4mol % were

extensivelystudied.

2. Experimental procedures

Pure raw materials of Pbs;O4, SirO, H3;BOs;, and
Gd,Oswere mixed thoroughly and melted at a
temperature range of 1000 °C in high purity
porcelain crucible to produce glass system in a
chemical formula25Si0,—-25Pb304—~(50—x)B,0:;-
xGdyOswhere x = 1, 2, 3, and 4mol %. The molten
was annealed at 350°C for an hour to remove the
residual stresses. The amorphous phase of the
produced glasses was examined using X-ray
diffraction. The density of the glassy samples was
measured according to the standard Archimedes
principle [14-15] using Xylene as an immersion
liquid. Fourier Transform Infrared (FTIR)
measurements were carried out by an infrared
spectrometer type Jasco FTIR-300E (Japan) in the
range of (4000-400 cm-1). IR spectra of powdered
samples were obtained in potassium bromide (KBr)
pellet. Careful grinding was performed to avoid
errors caused by scattering. Computer-aided double-
beam spectrophotometer (JASCO corp. v-570, UV/
VIS/NIR, Japan) was used to record the UV-visible
absorption spectra on slab plane glass samples. The
resolution limit of the spectrophotometer is dA= 0.1
nm. The accuracy of measuring reflectance and
transmittance is £ 0.002 with the incident beam
making an angle of 5°+0.1 to the normal of the
external slab face. Gamma ray mass attenuation
coefficients are obtained wusing Phy-X/PSD
computer software. The effective removal cross
section of the fast neutrons was calculated through
the Phy-X/PSD software and the below mixture rule
[16-18]

%y
5o =5, ()
p

where, W;and (%R) are the partial density and
i

i

massremoval cross section of the i"'constituents.
For thermal neutron, the total macroscopic cross
section was calculated using [16-18]

Wi
or = NAPZM(GC top,t Ua)
- i

L

where,N,, p, W;, and M; are the Avogadro’s

number, density, i" element mass fraction, and

ihelement atomic mass and o, 6;,,, and o, are the

coherent scattering, incoherent scattering, and

absorption cross sections of thermal neutron.

3. Results and discussion

X-ray diffraction (XRD) pattern as shown in Figure
1showed that there are neither discrete nor sharp
peaks, but there is only one broad halo.The absence
of Bragg’s peak indicates that the studied materials
have an amorphous nature.
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Fig. 1.The amporphicity check of the studied samples

Two regions were found in the density and molar
volume behavior as shown in Figure 2. In the first
region up to 1 mol% of gadolinium, the density
increases and the molar volume decreases, while in
the second region a reduction in density and
augmentation in molar volume was observed.In the
first region, the density augmentation is due to the
replacement of the B ion with the lower atomic
number by Gd** with the larger atomic number.
While, the reduction in molar volume resulted from
filling the interstitial spaces with the inserted Gd**
ion in the studied glass network, which increases the
tightness of the packing inside it. The second point,
the density reduction after 1 mol% of Gd**, despite
being heavier than boron, stems from the structural
units of the incorporated oxides, which leads to the
formation of silicon and boron threefold rings instead
of fourfold ones. Combining Gd**and Pb**transforms
fourfold silicon and boron to threefold i.e., SiO4 to
SiO3; and BO4 to BO; causing the creation of non-
bridging oxygen, forming an open structure. This was
evident in the increase in the molar volume beyond 1
mol% of Gd*".
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Fig. 2.Variation of density and molar volume with
gadolinium oxide

Molar volume (cm3/mol)



Impact of Gd*" on Optical, Local Structure, and Attenuation ... 127
The behavior of both mean boron-boron separation 625 0.7
(MB-BS) and mean silicon-silicon separation (MS-
SS), as shown in Figure 3, confirmed the change of a5
the produced glass structure from tight to open with S 615 - 069
the change in Gd** concentration, which confirms the >
obtained molar volume results. ‘g L 0.68
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Fig. 3. Variation of mean boron-boron separation and
mean silicon-silicon separation as a function in Gd**
concentration

Oxygen packing density OPD and packing density
PDexplore precisely the tightness inside the glass
network. The values of OPD and PDare estimated
using the following equation [19-21]

opp =L xn

M
PD =%Zx,.v,.

L

where, n is the number of oxygen atoms per formula
unit,x; the mol fraction, and V; the packing factor

Vi = A o e en)
where, N, andryand ry are the Avogadro's number
and the ionic radii of the cation and the anion,
respectively.
The augmentation of both oxygen packing density
and packing density up to 1 mol% of Gd*" and as
observed in Figure 4 indicates the tight packing of
the considered lead borosilicate network and
decreases the disorder degree i.e., formation of SiO4
and BOs units, which in perfect agreement with
molar volume trend and mean boron — boron
separation and mean silicon — silicon separation.
Beyond up 1 mol% of Gd**, the combined Pb** and
Gd** convert both SiO; to SiO4 and BOs3 to BO;4 (this
is clearly observed in the FTIR results) brought a
reduction in oxygen packing density and packing
density, which means loosely packing of the
considered glasses.
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Absorbance (a. u.)

range 400-1600 cm™'in the regions 456-466, 697-699,
955 961, and 1341-1342 cm’'. The bands of O-B-
Ocovalent and Pb—O bond vibrations are observed
between 456 and 466 cm-1[22-23].Also, the B-O-Si
stretching, the Si-O-Si symmetric stretching of
bridging oxygen atoms between the tetrahedral, and
0O-Si-O bending bands arise around this range [24-
25]. Theobserved bands in the region 697-699cm™are
due to B-O-B bond-bending vibrations from
pentaborate groups [26-27]. In the region of 955-961
cm’!, bands appeared due to the stretching of B-O
bond in tetrahedral BO4units, which are the vibrations
of tetra borate (tri borate and pentaborate) groups of
BO; units [28-29]. Bands in the region 1180-1520
cm! are usually attributed to B-O bond stretching of
trigonal BO3 units [23, 28].
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Fig. 5.FTIR spectra of the considered glasses

The optical transmission spectra of the considered
glasses are shown in Figure 6. The absence of sharp

Packing density (PD)
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edges in the optical spectra verifies the amorphous
phase of the studied glasses.

90
S
<60 A
5]
c
@
=]
£
§30 i — Gd** = 0 mol%
£ ——Gd* = | mol%
—— Gd* =2 mol%
—— Gd* = 3 mol%
—— Gd* = 4 mol%
0

200 400 600 800 1000 1200
Wavelength (nm)

Fig. 6. Optical transmission spectra of the studied
glasses

The cutoff wavelength values in the spectra reflect a
large transmission window. A reduction in the
transmission spectra with the increase of the Gd**
content at 1 mol% was observed and an augmentation
beyond this point up to 3mol % of Gd*. The
observed reduction in transmittance spectra at 1
mol% of Gd** is due to the replacement of B3 with
molecular mass less than that of Gd**, which causes
an attenuation of the incident light. The increase of
the transmittance spectra at 2 then 3 mol% Gd*" is
attributed to an increase in the concentration of
highly coordinated Pb*? in PbO, bipyramids at the
expense of B4(Pb) units

The plot of (ahv)Y/?versus photon energy hv
(Tauc’s plot) was conducted to estimate the indirect
optical band gapE,[5]. The lack of crystalline long-
range order in glassy materials is associated with a
tailing of the density of states into the normally
forbidden energy band. It occurs when the energy of
the incident photon is less than the band gap then; the
increase in the absorption coefficient is followed by
an exponential decay of density localized states into
the gap. The width of these band tails is known as the
Urbach energyAE. To calculate the Urbach energy
AE according to Urbach and Tauc model, the
following relation is valid [30-35]

na@) =1 +(hv>
na(v) =Ina, + |z

The obtained values of optical band gap and Urbach
energy were given as a function in Gd,O3 as shown in
Figure 7.
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Fig. 7. Variation of optical band gap and Urbach
energy as a function of Gd**content

The optical band gap decrement at 1 mol % of Gd**is
attributed to the formation of band tails on both
conduction and valence bands. The augmentation of
the band gapup to 3 mol % of Gd**wasattributed to
the movement of electron density away from the Pb*?
ions, the densest ion in the present structure,
(nephelauxetic effect). Urbach energy, which
corresponds to the width of localized states, is used to
characterize the degree of disorder in amorphous and
crystalline systems. Materials with larger Urbach
energy would have greater tendency to convert weak
bonds into defects. The values of AE of the present
glass system are shown in Figure 7. It is clear that
the band width values increase with increasing
Gd**contentup to 3 mol%, then decrease. The trend
of the increase in AE may be attributed to the increase
in the degree of disorder which causes more defects
or localized states in the band gap.

In the mass attenuation coefficients behavior of Gd**
free sample as shown in Figure 8a sharp a reduction
from 1 keV to 300keVand meager one from 300keV
to 13 MeV are observed followed by slight increase
in the rest of the studied energies spectrum. The
highest values of the mass attenuation coefficients in
the low energy region from 1 keV to 300 Kev due to
the domination of the photoelectric effect, which its
cross section 7/pstrong depends on the atomic
number of the shielding materials Z, t/p < Z™,
where m = 3.6 — 5.3[36-37]. The sharpest reduction
in mass attenuation coefficients with the gamma ray
energy augmentation attributed to the proportional of
the photoelectric cross section t/p with E~", where
n=2.5-3.5[36-37]. The emerged jump in the
mass attenuation coefficients 100keVare attributed to
the absorption of gamma photons in K-edge of Pb.
The meager diminution in mass attenuation
coefficients from 300 keV to 13 MeV arose due to
the Compton Effect interaction, in which its cross
section /p is proportional to E~* [36-37].
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Fig. 8. a) variation of mass attenuation coefficient as
a function in gamma ray energy and mass attenuation
coefficient as a function in Gd** ions b) for low
energy and c) for high energy

The low values of mass attenuation coefficients in
Compton region are due to the weakly depends of its
cross section ¢/pon the atomic structure of the
shielding materials, o/p « Z. The re-increase in the
mass attenuation coefficients beyond 13 MeV
attributed to the dependency of the pair production
cross section on Z2, k/p « Z?[36-38]. With Gd**
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ions insertion into the considered lead
borosilicateglass;mass attenuation coefficient is
increased reflecting its effective role to attenuate
gamma ray as shown in Figure 8b (low energy
gamma rays) and c (intermediate and high gamma
rays).

The density variation with the change in the Gd**
ions concentration affected the behavior of fast
neutron removal cross sections as shown in Figure 9.
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Fig. 9. Fast neutron cross section of the considered
glasses

Increasing Gd*" ions concentrations showed a
significant effect on thermal neutrons cross section,
as gadolinium has a large thermal neutron cross
section is 49700 barns.Figure 10shows the strong
impact of Gd** ions on the attenuation of thermal
neutrons reflecting its efficiency as thermal neutrons
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Conclusions

The structural, optical, and radiation
attenuation role of Gd*" ions in lead borosilicate
glasses were investigated. The density, molar
volume, and FTIR results confirm the assumption
that the Gd** ions played a dual role, modifiers and
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formers, in the present lead borosilicate glasses. The
optical transmittance spectra of the studied glasses
show a high transmission in the visible region. On the
other hand, a strong absorption was observed in the
UV-region.The optical band gap lies in the range of
amorphous semiconductor. Gd** ions enhance the
attenuation ability of gamma ray, fast neutrons and
thermal neutrons. The study output confirms that
Gd*" ion has an effective optical and attenuating role
in the lead borosilicate glass network, which enables
it to become a distinguished choice in optical
applications and nuclear shields.
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